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Abstract—With the growing prevalence of smart grid tech-
nology, short-term load forecasting (STLF) becomes particularly
important in power system operations. There is a large collection
of methods developed for STLF, but selecting a suitable method
under varying conditions is still challenging. This paper develops
a novel reinforcement learning based dynamic model selection
(DMS) method for STLF. A forecasting model pool is first built,
including ten state-of-the-art machine learning based forecasting
models. Then a Q-learning agent learns the optimal policy of
selecting the best forecasting model for the next time step, based
on the model performance. The optimal DMS policy is applied
to select the best model at each time step with a moving window.
Numerical simulations on two-year load and weather data show
that the Q-learning algorithm converges fast, resulting in effective
and efficient DMS. The developed STLF model with Q-learning
based DMS improves the forecasting accuracy by approximately
50%, compared to the state-of-the-art machine learning based
STLF models.
Index Terms—Q-learning, reinforcement learning, model selec-
tion, load forecasting, machine learning
I. INTRODUCTION
Accurate short-term load forecasting (STLF) plays an in-
creasingly important role in reliable and economical power
system operations. For example, STLF can be used for cal-
culating load baselines in the design of demand response
program [1]. STLF can also be used in the real-time unit
commitment and economic dispatch [2], extreme ramping
event detection, energy trading, energy storage management,
etc [3].
To improve the load forecasting accuracy, a large number of
methods have been developed in the past decades. STLF meth-
ods can be classified into different categories based on fore-
casting time horizons, spatial scales, and method principles.
According to the forecasting method principle, STLF methods
can be roughly categorized into statistical methods, machine
learning methods, and deep learning methods. Statistical meth-
ods are usually built based on only the historical time series.
The most popular used STLF methods are machine learning
based models, which are able to integrate external information
such as meteorological data. Deep learning methods have also
been recently applied to STLF. For example, a pooling deep
recurrent neural network was developed, which has shown to
outperform Autoregressive integrated moving average model
and support vector regression (SVR) model by 19.5% and
13.1%, respectively [4]. A more comprehensive review of
STLF methods can be found in recent review papers [5], [6].
To better utilize the various STLF methods, research has
been done to further improve the forecasting accuracy by
performing model selection under varying conditions. First,
ensemble forecasting methods have been developed to select
and combine multiple models. For instance, Alamaniotis et
al. [7] linearly combined six Gaussian processes (GPs), which
outperformed individual GPs. Feng et al. [8] aggregated multi-
ple artificial neural network (ANN), SVR, random forest (RF),
and gradient boosting machine (GBM) models to mitigate the
risk of choosing unsatisfactory models. Second, load patterns
are classified into clusters based on some similarities to select
the best load forecasting model in each cluster. For example,
Wang et al. [9] developed a K-means-based least squares SVR
(LS-SVR) STLF method, which clustered load profiles using
K-means and forecasted load using an LS-SVR model in each
cluster. Though these strategies help improve the forecasting
accuracy, it is still challenging to select the best forecasting
model at each forecasting time step.
In this paper, a Q-learning based dynamic model selection
(DMS) framework is developed, which aims to choose the
best forecasting model from a pool of state-of-the-art machine
learning models at each time step. The main contributions of
this paper include: (i) building an STLF model pool based on
state-of-the-art machine learning algorithms; (ii) developing
a Q-learning based DMS framework to determine the best
forecasting model at each forecasting time step; (iii) improving
the forecasting accuracy by approximately 50%.
The remainder of this paper is organized as follows. Sec-
tion II presents the developed STLF method with Q-learning
DMS (MQ). Case studies and result analysis are discussed in
Section III. Concluding remarks and future work are given in
Section IV.
II. STLF WITH REINFORCEMENT LEARNING BASED
DYNAMIC MODEL SELECTION
In this section, the developed STLF method with reinforce-
ment learning based DMS is described. The overall framework
of the STLF with Q-learning based DMS (MQ) is illustrated
in Fig. 1, which consists of two major components: (i) a
forecasting model pool with ten candidate forecasting models,
and (ii) Q-learning based DMS.
A. STLF Machine Learning Model Pool
A collection of machine learning based STLF models
constitute the forecasting model pool, from which the best
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<latexit sha1_base64="B/1rvhLo 04TMwzo2u5ve2Gup2WA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LLaCp5L0 oseCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbdqDioIPBh7vzT AzL0wF18Z1P5zS2vrG5lZ5u7Kzu7d/UD086ugkUwx9lohE9UKqUXCJvuFG YC9VSONQYDecXi387j0qzRN5a2YpBjEdSx5xRo2VfF2/w/qwWvMabgHyN6 nBCu1h9X0wSlgWozRMUK37npuaIKfKcCZwXhlkGlPKpnSMfUsljVEHeXHs nJxZZUSiRNmShhTq14mcxlrP4tB2xtRM9E9vIf7m9TMTXQY5l2lmULLloi gTxCRk8TkZcYXMiJkllClubyVsQhVlxuZT+V8InWbDcxveTbPWqq/iKMMJ nMI5eHABLbiGNvjAgMMDPMGzI51H58V5XbaWnNXMMXyD8/YJBTKODQ==</ latexit><latexit sha1_base64="B/1rvhLo 04TMwzo2u5ve2Gup2WA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LLaCp5L0 oseCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbdqDioIPBh7vzT AzL0wF18Z1P5zS2vrG5lZ5u7Kzu7d/UD086ugkUwx9lohE9UKqUXCJvuFG YC9VSONQYDecXi387j0qzRN5a2YpBjEdSx5xRo2VfF2/w/qwWvMabgHyN6 nBCu1h9X0wSlgWozRMUK37npuaIKfKcCZwXhlkGlPKpnSMfUsljVEHeXHs nJxZZUSiRNmShhTq14mcxlrP4tB2xtRM9E9vIf7m9TMTXQY5l2lmULLloi gTxCRk8TkZcYXMiJkllClubyVsQhVlxuZT+V8InWbDcxveTbPWqq/iKMMJ nMI5eHABLbiGNvjAgMMDPMGzI51H58V5XbaWnNXMMXyD8/YJBTKODQ==</ latexit><latexit sha1_base64="B/1rvhLo 04TMwzo2u5ve2Gup2WA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LLaCp5L0 oseCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbdqDioIPBh7vzT AzL0wF18Z1P5zS2vrG5lZ5u7Kzu7d/UD086ugkUwx9lohE9UKqUXCJvuFG YC9VSONQYDecXi387j0qzRN5a2YpBjEdSx5xRo2VfF2/w/qwWvMabgHyN6 nBCu1h9X0wSlgWozRMUK37npuaIKfKcCZwXhlkGlPKpnSMfUsljVEHeXHs nJxZZUSiRNmShhTq14mcxlrP4tB2xtRM9E9vIf7m9TMTXQY5l2lmULLloi gTxCRk8TkZcYXMiJkllClubyVsQhVlxuZT+V8InWbDcxveTbPWqq/iKMMJ nMI5eHABLbiGNvjAgMMDPMGzI51H58V5XbaWnNXMMXyD8/YJBTKODQ==</ latexit><latexit sha1_base64="B/1rvhLo 04TMwzo2u5ve2Gup2WA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LLaCp5L0 oseCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbdqDioIPBh7vzT AzL0wF18Z1P5zS2vrG5lZ5u7Kzu7d/UD086ugkUwx9lohE9UKqUXCJvuFG YC9VSONQYDecXi387j0qzRN5a2YpBjEdSx5xRo2VfF2/w/qwWvMabgHyN6 nBCu1h9X0wSlgWozRMUK37npuaIKfKcCZwXhlkGlPKpnSMfUsljVEHeXHs nJxZZUSiRNmShhTq14mcxlrP4tB2xtRM9E9vIf7m9TMTXQY5l2lmULLloi gTxCRk8TkZcYXMiJkllClubyVsQhVlxuZT+V8InWbDcxveTbPWqq/iKMMJ nMI5eHABLbiGNvjAgMMDPMGzI51H58V5XbaWnNXMMXyD8/YJBTKODQ==</ latexit><latexit sha1_base64="B/1rvhLo 04TMwzo2u5ve2Gup2WA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LLaCp5L0 oseCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbdqDioIPBh7vzT AzL0wF18Z1P5zS2vrG5lZ5u7Kzu7d/UD086ugkUwx9lohE9UKqUXCJvuFG YC9VSONQYDecXi387j0qzRN5a2YpBjEdSx5xRo2VfF2/w/qwWvMabgHyN6 nBCu1h9X0wSlgWozRMUK37npuaIKfKcCZwXhlkGlPKpnSMfUsljVEHeXHs nJxZZUSiRNmShhTq14mcxlrP4tB2xtRM9E9vIf7m9TMTXQY5l2lmULLloi gTxCRk8TkZcYXMiJkllClubyVsQhVlxuZT+V8InWbDcxveTbPWqq/iKMMJ nMI5eHABLbiGNvjAgMMDPMGzI51H58V5XbaWnNXMMXyD8/YJBTKODQ==</ latexit><latexit sha1_base64="B/1rvhLo 04TMwzo2u5ve2Gup2WA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LLaCp5L0 oseCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbdqDioIPBh7vzT AzL0wF18Z1P5zS2vrG5lZ5u7Kzu7d/UD086ugkUwx9lohE9UKqUXCJvuFG YC9VSONQYDecXi387j0qzRN5a2YpBjEdSx5xRo2VfF2/w/qwWvMabgHyN6 nBCu1h9X0wSlgWozRMUK37npuaIKfKcCZwXhlkGlPKpnSMfUsljVEHeXHs nJxZZUSiRNmShhTq14mcxlrP4tB2xtRM9E9vIf7m9TMTXQY5l2lmULLloi gTxCRk8TkZcYXMiJkllClubyVsQhVlxuZT+V8InWbDcxveTbPWqq/iKMMJ nMI5eHABLbiGNvjAgMMDPMGzI51H58V5XbaWnNXMMXyD8/YJBTKODQ==</ latexit><latexit sha1_base64="B/1rvhLo 04TMwzo2u5ve2Gup2WA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LLaCp5L0 oseCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbdqDioIPBh7vzT AzL0wF18Z1P5zS2vrG5lZ5u7Kzu7d/UD086ugkUwx9lohE9UKqUXCJvuFG YC9VSONQYDecXi387j0qzRN5a2YpBjEdSx5xRo2VfF2/w/qwWvMabgHyN6 nBCu1h9X0wSlgWozRMUK37npuaIKfKcCZwXhlkGlPKpnSMfUsljVEHeXHs nJxZZUSiRNmShhTq14mcxlrP4tB2xtRM9E9vIf7m9TMTXQY5l2lmULLloi gTxCRk8TkZcYXMiJkllClubyVsQhVlxuZT+V8InWbDcxveTbPWqq/iKMMJ nMI5eHABLbiGNvjAgMMDPMGzI51H58V5XbaWnNXMMXyD8/YJBTKODQ==</ latexit><latexit sha1_base64="B/1rvhLo 04TMwzo2u5ve2Gup2WA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LLaCp5L0 oseCF48VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbdqDioIPBh7vzT AzL0wF18Z1P5zS2vrG5lZ5u7Kzu7d/UD086ugkUwx9lohE9UKqUXCJvuFG YC9VSONQYDecXi387j0qzRN5a2YpBjEdSx5xRo2VfF2/w/qwWvMabgHyN6 nBCu1h9X0wSlgWozRMUK37npuaIKfKcCZwXhlkGlPKpnSMfUsljVEHeXHs nJxZZUSiRNmShhTq14mcxlrP4tB2xtRM9E9vIf7m9TMTXQY5l2lmULLloi gTxCRk8TkZcYXMiJkllClubyVsQhVlxuZT+V8InWbDcxveTbPWqq/iKMMJ nMI5eHABLbiGNvjAgMMDPMGzI51H58V5XbaWnNXMMXyD8/YJBTKODQ==</ latexit>
✏t-greedy
<latexit sha1_base64="Wp+Z6AO1 uKawm2ODmZoJbfkMjaQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcGNI ilC7K7hxWcFeoA1lMjlph04uzEyEUOqruHGhiFsfxJ1v4zSNoKI/DHz85x zOmd9LOJPKtj+M0tr6xuZWebuys7u3f2AeHvVknAoKXRrzWAw8IoGzCLqK KQ6DRAAJPQ59b3a1rPfvQEgWR7cqS8ANySRiAaNEaWtsVusjSCTjmlX9fC IA/Gxs1myrlQuvoHlRQMvBjmXnqqFCnbH5PvJjmoYQKcqJlEPHTpQ7J0Ix ymFRGaUSEkJnZAJDjREJQbrz/PgFPtWOj4NY6BcpnLvfJ+YklDILPd0ZEj WVv2tL86/aMFXBpTtnUZIqiOhqUZByrGK8TAL7TABVPNNAqGD6VkynRBCq dF4VHcLXT/H/0GtYjm05N41aGxdxlNExOkFnyEFN1EbXqIO6iKIMPaAn9G zcG4/Gi/G6ai0ZxUwV/ZDx9gkU25T2</latexit><latexit sha1_base64="Wp+Z6AO1 uKawm2ODmZoJbfkMjaQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcGNI ilC7K7hxWcFeoA1lMjlph04uzEyEUOqruHGhiFsfxJ1v4zSNoKI/DHz85x zOmd9LOJPKtj+M0tr6xuZWebuys7u3f2AeHvVknAoKXRrzWAw8IoGzCLqK KQ6DRAAJPQ59b3a1rPfvQEgWR7cqS8ANySRiAaNEaWtsVusjSCTjmlX9fC IA/Gxs1myrlQuvoHlRQMvBjmXnqqFCnbH5PvJjmoYQKcqJlEPHTpQ7J0Ix ymFRGaUSEkJnZAJDjREJQbrz/PgFPtWOj4NY6BcpnLvfJ+YklDILPd0ZEj WVv2tL86/aMFXBpTtnUZIqiOhqUZByrGK8TAL7TABVPNNAqGD6VkynRBCq dF4VHcLXT/H/0GtYjm05N41aGxdxlNExOkFnyEFN1EbXqIO6iKIMPaAn9G zcG4/Gi/G6ai0ZxUwV/ZDx9gkU25T2</latexit><latexit sha1_base64="Wp+Z6AO1 uKawm2ODmZoJbfkMjaQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcGNI ilC7K7hxWcFeoA1lMjlph04uzEyEUOqruHGhiFsfxJ1v4zSNoKI/DHz85x zOmd9LOJPKtj+M0tr6xuZWebuys7u3f2AeHvVknAoKXRrzWAw8IoGzCLqK KQ6DRAAJPQ59b3a1rPfvQEgWR7cqS8ANySRiAaNEaWtsVusjSCTjmlX9fC IA/Gxs1myrlQuvoHlRQMvBjmXnqqFCnbH5PvJjmoYQKcqJlEPHTpQ7J0Ix ymFRGaUSEkJnZAJDjREJQbrz/PgFPtWOj4NY6BcpnLvfJ+YklDILPd0ZEj WVv2tL86/aMFXBpTtnUZIqiOhqUZByrGK8TAL7TABVPNNAqGD6VkynRBCq dF4VHcLXT/H/0GtYjm05N41aGxdxlNExOkFnyEFN1EbXqIO6iKIMPaAn9G zcG4/Gi/G6ai0ZxUwV/ZDx9gkU25T2</latexit><latexit sha1_base64="Wp+Z6AO1 uKawm2ODmZoJbfkMjaQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcGNI ilC7K7hxWcFeoA1lMjlph04uzEyEUOqruHGhiFsfxJ1v4zSNoKI/DHz85x zOmd9LOJPKtj+M0tr6xuZWebuys7u3f2AeHvVknAoKXRrzWAw8IoGzCLqK KQ6DRAAJPQ59b3a1rPfvQEgWR7cqS8ANySRiAaNEaWtsVusjSCTjmlX9fC IA/Gxs1myrlQuvoHlRQMvBjmXnqqFCnbH5PvJjmoYQKcqJlEPHTpQ7J0Ix ymFRGaUSEkJnZAJDjREJQbrz/PgFPtWOj4NY6BcpnLvfJ+YklDILPd0ZEj WVv2tL86/aMFXBpTtnUZIqiOhqUZByrGK8TAL7TABVPNNAqGD6VkynRBCq dF4VHcLXT/H/0GtYjm05N41aGxdxlNExOkFnyEFN1EbXqIO6iKIMPaAn9G zcG4/Gi/G6ai0ZxUwV/ZDx9gkU25T2</latexit><latexit sha1_base64="Wp+Z6AO1 uKawm2ODmZoJbfkMjaQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcGNI ilC7K7hxWcFeoA1lMjlph04uzEyEUOqruHGhiFsfxJ1v4zSNoKI/DHz85x zOmd9LOJPKtj+M0tr6xuZWebuys7u3f2AeHvVknAoKXRrzWAw8IoGzCLqK KQ6DRAAJPQ59b3a1rPfvQEgWR7cqS8ANySRiAaNEaWtsVusjSCTjmlX9fC IA/Gxs1myrlQuvoHlRQMvBjmXnqqFCnbH5PvJjmoYQKcqJlEPHTpQ7J0Ix ymFRGaUSEkJnZAJDjREJQbrz/PgFPtWOj4NY6BcpnLvfJ+YklDILPd0ZEj WVv2tL86/aMFXBpTtnUZIqiOhqUZByrGK8TAL7TABVPNNAqGD6VkynRBCq dF4VHcLXT/H/0GtYjm05N41aGxdxlNExOkFnyEFN1EbXqIO6iKIMPaAn9G zcG4/Gi/G6ai0ZxUwV/ZDx9gkU25T2</latexit><latexit sha1_base64="Wp+Z6AO1 uKawm2ODmZoJbfkMjaQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcGNI ilC7K7hxWcFeoA1lMjlph04uzEyEUOqruHGhiFsfxJ1v4zSNoKI/DHz85x zOmd9LOJPKtj+M0tr6xuZWebuys7u3f2AeHvVknAoKXRrzWAw8IoGzCLqK KQ6DRAAJPQ59b3a1rPfvQEgWR7cqS8ANySRiAaNEaWtsVusjSCTjmlX9fC IA/Gxs1myrlQuvoHlRQMvBjmXnqqFCnbH5PvJjmoYQKcqJlEPHTpQ7J0Ix ymFRGaUSEkJnZAJDjREJQbrz/PgFPtWOj4NY6BcpnLvfJ+YklDILPd0ZEj WVv2tL86/aMFXBpTtnUZIqiOhqUZByrGK8TAL7TABVPNNAqGD6VkynRBCq dF4VHcLXT/H/0GtYjm05N41aGxdxlNExOkFnyEFN1EbXqIO6iKIMPaAn9G zcG4/Gi/G6ai0ZxUwV/ZDx9gkU25T2</latexit><latexit sha1_base64="Wp+Z6AO1 uKawm2ODmZoJbfkMjaQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcGNI ilC7K7hxWcFeoA1lMjlph04uzEyEUOqruHGhiFsfxJ1v4zSNoKI/DHz85x zOmd9LOJPKtj+M0tr6xuZWebuys7u3f2AeHvVknAoKXRrzWAw8IoGzCLqK KQ6DRAAJPQ59b3a1rPfvQEgWR7cqS8ANySRiAaNEaWtsVusjSCTjmlX9fC IA/Gxs1myrlQuvoHlRQMvBjmXnqqFCnbH5PvJjmoYQKcqJlEPHTpQ7J0Ix ymFRGaUSEkJnZAJDjREJQbrz/PgFPtWOj4NY6BcpnLvfJ+YklDILPd0ZEj WVv2tL86/aMFXBpTtnUZIqiOhqUZByrGK8TAL7TABVPNNAqGD6VkynRBCq dF4VHcLXT/H/0GtYjm05N41aGxdxlNExOkFnyEFN1EbXqIO6iKIMPaAn9G zcG4/Gi/G6ai0ZxUwV/ZDx9gkU25T2</latexit><latexit sha1_base64="Wp+Z6AO1 uKawm2ODmZoJbfkMjaQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8FWcGNI ilC7K7hxWcFeoA1lMjlph04uzEyEUOqruHGhiFsfxJ1v4zSNoKI/DHz85x zOmd9LOJPKtj+M0tr6xuZWebuys7u3f2AeHvVknAoKXRrzWAw8IoGzCLqK KQ6DRAAJPQ59b3a1rPfvQEgWR7cqS8ANySRiAaNEaWtsVusjSCTjmlX9fC IA/Gxs1myrlQuvoHlRQMvBjmXnqqFCnbH5PvJjmoYQKcqJlEPHTpQ7J0Ix ymFRGaUSEkJnZAJDjREJQbrz/PgFPtWOj4NY6BcpnLvfJ+YklDILPd0ZEj WVv2tL86/aMFXBpTtnUZIqiOhqUZByrGK8TAL7TABVPNNAqGD6VkynRBCq dF4VHcLXT/H/0GtYjm05N41aGxdxlNExOkFnyEFN1EbXqIO6iKIMPaAn9G zcG4/Gi/G6ai0ZxUwV/ZDx9gkU25T2</latexit>
Update Q
<latexit sha1_base64="qcO/SfY8 OA24kOXGk0xT8Gs3mPI=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFlsBU8l 6UWPBS8eWzBtoQ1ls5m0SzebsLsRSsjFv+LFgyJe/Rne/Ddu2h5UFHwwzO O9GXb2BSlnSjvOh1VZW9/Y3Kpu13Z29/YP7MOjnkoyScGjCU/kICAKOBPg aaY5DFIJJA449IPZden370AqlohbPU/Bj8lEsIhRoo00tk+8NCQacGMUJD xU89i0vFs0xnbdbToL4L9JHa3QGdvvozChWQxCU06UGrpOqv2cSM0oh6I2 yhSkhM7IBIaGChKD8vPFBwp8bpQQR4k0JTReqF83chKr8jYzGRM9VT+9Uv zNG2Y6uvJzJtJMg6DLh6KMY53gMg0cMglU87khhEpmbsV0SiSh2mRW+18I vVbTdZput1Vv41UcVXSKztAFctElaqMb1EEeoqhAD+gJPVv31qP1Yr0uRy vWaucYfYP19glL05YX</latexit><latexit sha1_base64="qcO/SfY8 OA24kOXGk0xT8Gs3mPI=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFlsBU8l 6UWPBS8eWzBtoQ1ls5m0SzebsLsRSsjFv+LFgyJe/Rne/Ddu2h5UFHwwzO O9GXb2BSlnSjvOh1VZW9/Y3Kpu13Z29/YP7MOjnkoyScGjCU/kICAKOBPg aaY5DFIJJA449IPZden370AqlohbPU/Bj8lEsIhRoo00tk+8NCQacGMUJD xU89i0vFs0xnbdbToL4L9JHa3QGdvvozChWQxCU06UGrpOqv2cSM0oh6I2 yhSkhM7IBIaGChKD8vPFBwp8bpQQR4k0JTReqF83chKr8jYzGRM9VT+9Uv zNG2Y6uvJzJtJMg6DLh6KMY53gMg0cMglU87khhEpmbsV0SiSh2mRW+18I vVbTdZput1Vv41UcVXSKztAFctElaqMb1EEeoqhAD+gJPVv31qP1Yr0uRy vWaucYfYP19glL05YX</latexit><latexit sha1_base64="qcO/SfY8 OA24kOXGk0xT8Gs3mPI=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFlsBU8l 6UWPBS8eWzBtoQ1ls5m0SzebsLsRSsjFv+LFgyJe/Rne/Ddu2h5UFHwwzO O9GXb2BSlnSjvOh1VZW9/Y3Kpu13Z29/YP7MOjnkoyScGjCU/kICAKOBPg aaY5DFIJJA449IPZden370AqlohbPU/Bj8lEsIhRoo00tk+8NCQacGMUJD xU89i0vFs0xnbdbToL4L9JHa3QGdvvozChWQxCU06UGrpOqv2cSM0oh6I2 yhSkhM7IBIaGChKD8vPFBwp8bpQQR4k0JTReqF83chKr8jYzGRM9VT+9Uv zNG2Y6uvJzJtJMg6DLh6KMY53gMg0cMglU87khhEpmbsV0SiSh2mRW+18I vVbTdZput1Vv41UcVXSKztAFctElaqMb1EEeoqhAD+gJPVv31qP1Yr0uRy vWaucYfYP19glL05YX</latexit><latexit sha1_base64="qcO/SfY8 OA24kOXGk0xT8Gs3mPI=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFlsBU8l 6UWPBS8eWzBtoQ1ls5m0SzebsLsRSsjFv+LFgyJe/Rne/Ddu2h5UFHwwzO O9GXb2BSlnSjvOh1VZW9/Y3Kpu13Z29/YP7MOjnkoyScGjCU/kICAKOBPg aaY5DFIJJA449IPZden370AqlohbPU/Bj8lEsIhRoo00tk+8NCQacGMUJD xU89i0vFs0xnbdbToL4L9JHa3QGdvvozChWQxCU06UGrpOqv2cSM0oh6I2 yhSkhM7IBIaGChKD8vPFBwp8bpQQR4k0JTReqF83chKr8jYzGRM9VT+9Uv zNG2Y6uvJzJtJMg6DLh6KMY53gMg0cMglU87khhEpmbsV0SiSh2mRW+18I vVbTdZput1Vv41UcVXSKztAFctElaqMb1EEeoqhAD+gJPVv31qP1Yr0uRy vWaucYfYP19glL05YX</latexit><latexit sha1_base64="qcO/SfY8 OA24kOXGk0xT8Gs3mPI=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFlsBU8l 6UWPBS8eWzBtoQ1ls5m0SzebsLsRSsjFv+LFgyJe/Rne/Ddu2h5UFHwwzO O9GXb2BSlnSjvOh1VZW9/Y3Kpu13Z29/YP7MOjnkoyScGjCU/kICAKOBPg aaY5DFIJJA449IPZden370AqlohbPU/Bj8lEsIhRoo00tk+8NCQacGMUJD xU89i0vFs0xnbdbToL4L9JHa3QGdvvozChWQxCU06UGrpOqv2cSM0oh6I2 yhSkhM7IBIaGChKD8vPFBwp8bpQQR4k0JTReqF83chKr8jYzGRM9VT+9Uv zNG2Y6uvJzJtJMg6DLh6KMY53gMg0cMglU87khhEpmbsV0SiSh2mRW+18I vVbTdZput1Vv41UcVXSKztAFctElaqMb1EEeoqhAD+gJPVv31qP1Yr0uRy vWaucYfYP19glL05YX</latexit><latexit sha1_base64="qcO/SfY8 OA24kOXGk0xT8Gs3mPI=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFlsBU8l 6UWPBS8eWzBtoQ1ls5m0SzebsLsRSsjFv+LFgyJe/Rne/Ddu2h5UFHwwzO O9GXb2BSlnSjvOh1VZW9/Y3Kpu13Z29/YP7MOjnkoyScGjCU/kICAKOBPg aaY5DFIJJA449IPZden370AqlohbPU/Bj8lEsIhRoo00tk+8NCQacGMUJD xU89i0vFs0xnbdbToL4L9JHa3QGdvvozChWQxCU06UGrpOqv2cSM0oh6I2 yhSkhM7IBIaGChKD8vPFBwp8bpQQR4k0JTReqF83chKr8jYzGRM9VT+9Uv zNG2Y6uvJzJtJMg6DLh6KMY53gMg0cMglU87khhEpmbsV0SiSh2mRW+18I vVbTdZput1Vv41UcVXSKztAFctElaqMb1EEeoqhAD+gJPVv31qP1Yr0uRy vWaucYfYP19glL05YX</latexit><latexit sha1_base64="qcO/SfY8 OA24kOXGk0xT8Gs3mPI=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFlsBU8l 6UWPBS8eWzBtoQ1ls5m0SzebsLsRSsjFv+LFgyJe/Rne/Ddu2h5UFHwwzO O9GXb2BSlnSjvOh1VZW9/Y3Kpu13Z29/YP7MOjnkoyScGjCU/kICAKOBPg aaY5DFIJJA449IPZden370AqlohbPU/Bj8lEsIhRoo00tk+8NCQacGMUJD xU89i0vFs0xnbdbToL4L9JHa3QGdvvozChWQxCU06UGrpOqv2cSM0oh6I2 yhSkhM7IBIaGChKD8vPFBwp8bpQQR4k0JTReqF83chKr8jYzGRM9VT+9Uv zNG2Y6uvJzJtJMg6DLh6KMY53gMg0cMglU87khhEpmbsV0SiSh2mRW+18I vVbTdZput1Vv41UcVXSKztAFctElaqMb1EEeoqhAD+gJPVv31qP1Yr0uRy vWaucYfYP19glL05YX</latexit><latexit sha1_base64="qcO/SfY8 OA24kOXGk0xT8Gs3mPI=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFlsBU8l 6UWPBS8eWzBtoQ1ls5m0SzebsLsRSsjFv+LFgyJe/Rne/Ddu2h5UFHwwzO O9GXb2BSlnSjvOh1VZW9/Y3Kpu13Z29/YP7MOjnkoyScGjCU/kICAKOBPg aaY5DFIJJA449IPZden370AqlohbPU/Bj8lEsIhRoo00tk+8NCQacGMUJD xU89i0vFs0xnbdbToL4L9JHa3QGdvvozChWQxCU06UGrpOqv2cSM0oh6I2 yhSkhM7IBIaGChKD8vPFBwp8bpQQR4k0JTReqF83chKr8jYzGRM9VT+9Uv zNG2Y6uvJzJtJMg6DLh6KMY53gMg0cMglU87khhEpmbsV0SiSh2mRW+18I vVbTdZput1Vv41UcVXSKztAFctElaqMb1EEeoqhAD+gJPVv31qP1Yr0uRy vWaucYfYP19glL05YX</latexit>
e  E ?
<latexit sha1_base64="yI7YPig6 uTBeP3zbMYNPznXzZnQ=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBhPBU9jN RW8GRPAYwTxgs4TZSW8yZHZmnZkVwpLP8OJBEa9+jTf/xs3joKJgQUNR1U 13V5gIbqzrfjiFldW19Y3iZmlre2d3r7x/0DYq1QxbTAmluyE1KLjEluVW YDfRSONQYCccX878zj1qw5W8tZMEg5gOJY84ozaX/Cr2BN6Rqyq56JcrXs 2dg/xNKrBEs19+7w0US2OUlglqjO+5iQ0yqi1nAqelXmowoWxMh+jnVNIY TZDNT56Sk1wZkEjpvKQlc/XrREZjYyZxmHfG1I7MT28m/ub5qY3Og4zLJL Uo2WJRlApiFZn9TwZcI7NikhPKNM9vJWxENWU2T6n0vxDa9Zrn1rybeqVB lnEU4QiO4RQ8OIMGXEMTWsBAwQM8wbNjnUfnxXldtBac5cwhfIPz9glPT4 /W</latexit><latexit sha1_base64="yI7YPig6 uTBeP3zbMYNPznXzZnQ=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBhPBU9jN RW8GRPAYwTxgs4TZSW8yZHZmnZkVwpLP8OJBEa9+jTf/xs3joKJgQUNR1U 13V5gIbqzrfjiFldW19Y3iZmlre2d3r7x/0DYq1QxbTAmluyE1KLjEluVW YDfRSONQYCccX878zj1qw5W8tZMEg5gOJY84ozaX/Cr2BN6Rqyq56JcrXs 2dg/xNKrBEs19+7w0US2OUlglqjO+5iQ0yqi1nAqelXmowoWxMh+jnVNIY TZDNT56Sk1wZkEjpvKQlc/XrREZjYyZxmHfG1I7MT28m/ub5qY3Og4zLJL Uo2WJRlApiFZn9TwZcI7NikhPKNM9vJWxENWU2T6n0vxDa9Zrn1rybeqVB lnEU4QiO4RQ8OIMGXEMTWsBAwQM8wbNjnUfnxXldtBac5cwhfIPz9glPT4 /W</latexit><latexit sha1_base64="yI7YPig6 uTBeP3zbMYNPznXzZnQ=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBhPBU9jN RW8GRPAYwTxgs4TZSW8yZHZmnZkVwpLP8OJBEa9+jTf/xs3joKJgQUNR1U 13V5gIbqzrfjiFldW19Y3iZmlre2d3r7x/0DYq1QxbTAmluyE1KLjEluVW YDfRSONQYCccX878zj1qw5W8tZMEg5gOJY84ozaX/Cr2BN6Rqyq56JcrXs 2dg/xNKrBEs19+7w0US2OUlglqjO+5iQ0yqi1nAqelXmowoWxMh+jnVNIY TZDNT56Sk1wZkEjpvKQlc/XrREZjYyZxmHfG1I7MT28m/ub5qY3Og4zLJL Uo2WJRlApiFZn9TwZcI7NikhPKNM9vJWxENWU2T6n0vxDa9Zrn1rybeqVB lnEU4QiO4RQ8OIMGXEMTWsBAwQM8wbNjnUfnxXldtBac5cwhfIPz9glPT4 /W</latexit><latexit sha1_base64="yI7YPig6 uTBeP3zbMYNPznXzZnQ=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBhPBU9jN RW8GRPAYwTxgs4TZSW8yZHZmnZkVwpLP8OJBEa9+jTf/xs3joKJgQUNR1U 13V5gIbqzrfjiFldW19Y3iZmlre2d3r7x/0DYq1QxbTAmluyE1KLjEluVW YDfRSONQYCccX878zj1qw5W8tZMEg5gOJY84ozaX/Cr2BN6Rqyq56JcrXs 2dg/xNKrBEs19+7w0US2OUlglqjO+5iQ0yqi1nAqelXmowoWxMh+jnVNIY TZDNT56Sk1wZkEjpvKQlc/XrREZjYyZxmHfG1I7MT28m/ub5qY3Og4zLJL Uo2WJRlApiFZn9TwZcI7NikhPKNM9vJWxENWU2T6n0vxDa9Zrn1rybeqVB lnEU4QiO4RQ8OIMGXEMTWsBAwQM8wbNjnUfnxXldtBac5cwhfIPz9glPT4 /W</latexit><latexit sha1_base64="yI7YPig6 uTBeP3zbMYNPznXzZnQ=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBhPBU9jN RW8GRPAYwTxgs4TZSW8yZHZmnZkVwpLP8OJBEa9+jTf/xs3joKJgQUNR1U 13V5gIbqzrfjiFldW19Y3iZmlre2d3r7x/0DYq1QxbTAmluyE1KLjEluVW YDfRSONQYCccX878zj1qw5W8tZMEg5gOJY84ozaX/Cr2BN6Rqyq56JcrXs 2dg/xNKrBEs19+7w0US2OUlglqjO+5iQ0yqi1nAqelXmowoWxMh+jnVNIY TZDNT56Sk1wZkEjpvKQlc/XrREZjYyZxmHfG1I7MT28m/ub5qY3Og4zLJL Uo2WJRlApiFZn9TwZcI7NikhPKNM9vJWxENWU2T6n0vxDa9Zrn1rybeqVB lnEU4QiO4RQ8OIMGXEMTWsBAwQM8wbNjnUfnxXldtBac5cwhfIPz9glPT4 /W</latexit><latexit sha1_base64="yI7YPig6 uTBeP3zbMYNPznXzZnQ=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBhPBU9jN RW8GRPAYwTxgs4TZSW8yZHZmnZkVwpLP8OJBEa9+jTf/xs3joKJgQUNR1U 13V5gIbqzrfjiFldW19Y3iZmlre2d3r7x/0DYq1QxbTAmluyE1KLjEluVW YDfRSONQYCccX878zj1qw5W8tZMEg5gOJY84ozaX/Cr2BN6Rqyq56JcrXs 2dg/xNKrBEs19+7w0US2OUlglqjO+5iQ0yqi1nAqelXmowoWxMh+jnVNIY TZDNT56Sk1wZkEjpvKQlc/XrREZjYyZxmHfG1I7MT28m/ub5qY3Og4zLJL Uo2WJRlApiFZn9TwZcI7NikhPKNM9vJWxENWU2T6n0vxDa9Zrn1rybeqVB lnEU4QiO4RQ8OIMGXEMTWsBAwQM8wbNjnUfnxXldtBac5cwhfIPz9glPT4 /W</latexit><latexit sha1_base64="yI7YPig6 uTBeP3zbMYNPznXzZnQ=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBhPBU9jN RW8GRPAYwTxgs4TZSW8yZHZmnZkVwpLP8OJBEa9+jTf/xs3joKJgQUNR1U 13V5gIbqzrfjiFldW19Y3iZmlre2d3r7x/0DYq1QxbTAmluyE1KLjEluVW YDfRSONQYCccX878zj1qw5W8tZMEg5gOJY84ozaX/Cr2BN6Rqyq56JcrXs 2dg/xNKrBEs19+7w0US2OUlglqjO+5iQ0yqi1nAqelXmowoWxMh+jnVNIY TZDNT56Sk1wZkEjpvKQlc/XrREZjYyZxmHfG1I7MT28m/ub5qY3Og4zLJL Uo2WJRlApiFZn9TwZcI7NikhPKNM9vJWxENWU2T6n0vxDa9Zrn1rybeqVB lnEU4QiO4RQ8OIMGXEMTWsBAwQM8wbNjnUfnxXldtBac5cwhfIPz9glPT4 /W</latexit><latexit sha1_base64="yI7YPig6 uTBeP3zbMYNPznXzZnQ=">AAAB8nicjVDLSgNBEOyNrxhfUY9eBhPBU9jN RW8GRPAYwTxgs4TZSW8yZHZmnZkVwpLP8OJBEa9+jTf/xs3joKJgQUNR1U 13V5gIbqzrfjiFldW19Y3iZmlre2d3r7x/0DYq1QxbTAmluyE1KLjEluVW YDfRSONQYCccX878zj1qw5W8tZMEg5gOJY84ozaX/Cr2BN6Rqyq56JcrXs 2dg/xNKrBEs19+7w0US2OUlglqjO+5iQ0yqi1nAqelXmowoWxMh+jnVNIY TZDNT56Sk1wZkEjpvKQlc/XrREZjYyZxmHfG1I7MT28m/ub5qY3Og4zLJL Uo2WJRlApiFZn9TwZcI7NikhPKNM9vJWxENWU2T6n0vxDa9Zrn1rybeqVB lnEU4QiO4RQ8OIMGXEMTWsBAwQM8wbNjnUfnxXldtBac5cwhfIPz9glPT4 /W</latexit>
YES
✏
<latexit sha1_base64="ivtz9Zg1 vFV582Kgd3KSw6lrjas=">AAAB8XicdVDLSsNAFJ3UV62vqks3g63gKkza hmZZcOOygn1gG8pkOmmHTiZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/ feEyScKY3Qh1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlDNBO5pp TvuJpDgKOO0Fs6vc791TqVgsbvU8oX6EJ4KFjGBtpLvqkCaK8VhUR+UKsp Fbd5wmRHaj5jpeTlyv4dY96NhoiQpYoz0qvw/HMUkjKjThWKmBgxLtZ1hq RjhdlIapogkmMzyhA0MFjqjys+XFC3hhlDEMY2lKaLhUv09kOFJqHgWmM8 J6qn57ufiXN0h16PkZE0mqqSCrRWHKoY5h/j4cM0mJ5nNDMJHM3ArJFEtM tAmpZEL4+hT+T7o120G2c1OrtOA6jiI4A+fgEjigCVrgGrRBBxAgwAN4As +Wsh6tF+t11Vqw1jOn4Aest09sbZCl</latexit><latexit sha1_base64="ivtz9Zg1 vFV582Kgd3KSw6lrjas=">AAAB8XicdVDLSsNAFJ3UV62vqks3g63gKkza hmZZcOOygn1gG8pkOmmHTiZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/ feEyScKY3Qh1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlDNBO5pp TvuJpDgKOO0Fs6vc791TqVgsbvU8oX6EJ4KFjGBtpLvqkCaK8VhUR+UKsp Fbd5wmRHaj5jpeTlyv4dY96NhoiQpYoz0qvw/HMUkjKjThWKmBgxLtZ1hq RjhdlIapogkmMzyhA0MFjqjys+XFC3hhlDEMY2lKaLhUv09kOFJqHgWmM8 J6qn57ufiXN0h16PkZE0mqqSCrRWHKoY5h/j4cM0mJ5nNDMJHM3ArJFEtM tAmpZEL4+hT+T7o120G2c1OrtOA6jiI4A+fgEjigCVrgGrRBBxAgwAN4As +Wsh6tF+t11Vqw1jOn4Aest09sbZCl</latexit><latexit sha1_base64="ivtz9Zg1 vFV582Kgd3KSw6lrjas=">AAAB8XicdVDLSsNAFJ3UV62vqks3g63gKkza hmZZcOOygn1gG8pkOmmHTiZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/ feEyScKY3Qh1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlDNBO5pp TvuJpDgKOO0Fs6vc791TqVgsbvU8oX6EJ4KFjGBtpLvqkCaK8VhUR+UKsp Fbd5wmRHaj5jpeTlyv4dY96NhoiQpYoz0qvw/HMUkjKjThWKmBgxLtZ1hq RjhdlIapogkmMzyhA0MFjqjys+XFC3hhlDEMY2lKaLhUv09kOFJqHgWmM8 J6qn57ufiXN0h16PkZE0mqqSCrRWHKoY5h/j4cM0mJ5nNDMJHM3ArJFEtM tAmpZEL4+hT+T7o120G2c1OrtOA6jiI4A+fgEjigCVrgGrRBBxAgwAN4As +Wsh6tF+t11Vqw1jOn4Aest09sbZCl</latexit><latexit sha1_base64="ivtz9Zg1 vFV582Kgd3KSw6lrjas=">AAAB8XicdVDLSsNAFJ3UV62vqks3g63gKkza hmZZcOOygn1gG8pkOmmHTiZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/ feEyScKY3Qh1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlDNBO5pp TvuJpDgKOO0Fs6vc791TqVgsbvU8oX6EJ4KFjGBtpLvqkCaK8VhUR+UKsp Fbd5wmRHaj5jpeTlyv4dY96NhoiQpYoz0qvw/HMUkjKjThWKmBgxLtZ1hq RjhdlIapogkmMzyhA0MFjqjys+XFC3hhlDEMY2lKaLhUv09kOFJqHgWmM8 J6qn57ufiXN0h16PkZE0mqqSCrRWHKoY5h/j4cM0mJ5nNDMJHM3ArJFEtM tAmpZEL4+hT+T7o120G2c1OrtOA6jiI4A+fgEjigCVrgGrRBBxAgwAN4As +Wsh6tF+t11Vqw1jOn4Aest09sbZCl</latexit><latexit sha1_base64="ivtz9Zg1 vFV582Kgd3KSw6lrjas=">AAAB8XicdVDLSsNAFJ3UV62vqks3g63gKkza hmZZcOOygn1gG8pkOmmHTiZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/ feEyScKY3Qh1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlDNBO5pp TvuJpDgKOO0Fs6vc791TqVgsbvU8oX6EJ4KFjGBtpLvqkCaK8VhUR+UKsp Fbd5wmRHaj5jpeTlyv4dY96NhoiQpYoz0qvw/HMUkjKjThWKmBgxLtZ1hq RjhdlIapogkmMzyhA0MFjqjys+XFC3hhlDEMY2lKaLhUv09kOFJqHgWmM8 J6qn57ufiXN0h16PkZE0mqqSCrRWHKoY5h/j4cM0mJ5nNDMJHM3ArJFEtM tAmpZEL4+hT+T7o120G2c1OrtOA6jiI4A+fgEjigCVrgGrRBBxAgwAN4As +Wsh6tF+t11Vqw1jOn4Aest09sbZCl</latexit><latexit sha1_base64="ivtz9Zg1 vFV582Kgd3KSw6lrjas=">AAAB8XicdVDLSsNAFJ3UV62vqks3g63gKkza hmZZcOOygn1gG8pkOmmHTiZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/ feEyScKY3Qh1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlDNBO5pp TvuJpDgKOO0Fs6vc791TqVgsbvU8oX6EJ4KFjGBtpLvqkCaK8VhUR+UKsp Fbd5wmRHaj5jpeTlyv4dY96NhoiQpYoz0qvw/HMUkjKjThWKmBgxLtZ1hq RjhdlIapogkmMzyhA0MFjqjys+XFC3hhlDEMY2lKaLhUv09kOFJqHgWmM8 J6qn57ufiXN0h16PkZE0mqqSCrRWHKoY5h/j4cM0mJ5nNDMJHM3ArJFEtM tAmpZEL4+hT+T7o120G2c1OrtOA6jiI4A+fgEjigCVrgGrRBBxAgwAN4As +Wsh6tF+t11Vqw1jOn4Aest09sbZCl</latexit><latexit sha1_base64="ivtz9Zg1 vFV582Kgd3KSw6lrjas=">AAAB8XicdVDLSsNAFJ3UV62vqks3g63gKkza hmZZcOOygn1gG8pkOmmHTiZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/ feEyScKY3Qh1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlDNBO5pp TvuJpDgKOO0Fs6vc791TqVgsbvU8oX6EJ4KFjGBtpLvqkCaK8VhUR+UKsp Fbd5wmRHaj5jpeTlyv4dY96NhoiQpYoz0qvw/HMUkjKjThWKmBgxLtZ1hq RjhdlIapogkmMzyhA0MFjqjys+XFC3hhlDEMY2lKaLhUv09kOFJqHgWmM8 J6qn57ufiXN0h16PkZE0mqqSCrRWHKoY5h/j4cM0mJ5nNDMJHM3ArJFEtM tAmpZEL4+hT+T7o120G2c1OrtOA6jiI4A+fgEjigCVrgGrRBBxAgwAN4As +Wsh6tF+t11Vqw1jOn4Aest09sbZCl</latexit><latexit sha1_base64="ivtz9Zg1 vFV582Kgd3KSw6lrjas=">AAAB8XicdVDLSsNAFJ3UV62vqks3g63gKkza hmZZcOOygn1gG8pkOmmHTiZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/ feEyScKY3Qh1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlDNBO5pp TvuJpDgKOO0Fs6vc791TqVgsbvU8oX6EJ4KFjGBtpLvqkCaK8VhUR+UKsp Fbd5wmRHaj5jpeTlyv4dY96NhoiQpYoz0qvw/HMUkjKjThWKmBgxLtZ1hq RjhdlIapogkmMzyhA0MFjqjys+XFC3hhlDEMY2lKaLhUv09kOFJqHgWmM8 J6qn57ufiXN0h16PkZE0mqqSCrRWHKoY5h/j4cM0mJ5nNDMJHM3ArJFEtM tAmpZEL4+hT+T7o120G2c1OrtOA6jiI4A+fgEjigCVrgGrRBBxAgwAN4As +Wsh6tF+t11Vqw1jOn4Aest09sbZCl</latexit>
1  ✏
<latexit sha1_base64="P6OZePHc Xggwd2fBfpl4zYEho9o=">AAAB83icdVDLSsNAFJ3UV62vqks3g63gxpBp G9plwY3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20FFT1w4XDOvd x7T5BwprTjfFiFjc2t7Z3ibmlv/+DwqHx80lNxKgntkpjHchBgRTkTtKuZ 5nSQSIqjgNN+MLvO/f49lYrF4k7PE+pHeCJYyAjWRvKq6MqjiWI8FtVRue LYjltHqAkdu1FzUSsnbqvh1lsQ2c4SFbBGZ1R+98YxSSMqNOFYqSFyEu1n WGpGOF2UvFTRBJMZntChoQJHVPnZ8uYFvDDKGIaxNCU0XKrfJzIcKTWPAt MZYT1Vv71c/Msbpjps+RkTSaqpIKtFYcqhjmEeABwzSYnmc0MwkczcCskU S0y0ialkQvj6FP5PejUbOTa6rVXacB1HEZyBc3AJEGiCNrgBHdAFBCTgAT yBZyu1Hq0X63XVWrDWM6fgB6y3T0ipkRc=</latexit><latexit sha1_base64="P6OZePHc Xggwd2fBfpl4zYEho9o=">AAAB83icdVDLSsNAFJ3UV62vqks3g63gxpBp G9plwY3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20FFT1w4XDOvd x7T5BwprTjfFiFjc2t7Z3ibmlv/+DwqHx80lNxKgntkpjHchBgRTkTtKuZ 5nSQSIqjgNN+MLvO/f49lYrF4k7PE+pHeCJYyAjWRvKq6MqjiWI8FtVRue LYjltHqAkdu1FzUSsnbqvh1lsQ2c4SFbBGZ1R+98YxSSMqNOFYqSFyEu1n WGpGOF2UvFTRBJMZntChoQJHVPnZ8uYFvDDKGIaxNCU0XKrfJzIcKTWPAt MZYT1Vv71c/Msbpjps+RkTSaqpIKtFYcqhjmEeABwzSYnmc0MwkczcCskU S0y0ialkQvj6FP5PejUbOTa6rVXacB1HEZyBc3AJEGiCNrgBHdAFBCTgAT yBZyu1Hq0X63XVWrDWM6fgB6y3T0ipkRc=</latexit><latexit sha1_base64="P6OZePHc Xggwd2fBfpl4zYEho9o=">AAAB83icdVDLSsNAFJ3UV62vqks3g63gxpBp G9plwY3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20FFT1w4XDOvd x7T5BwprTjfFiFjc2t7Z3ibmlv/+DwqHx80lNxKgntkpjHchBgRTkTtKuZ 5nSQSIqjgNN+MLvO/f49lYrF4k7PE+pHeCJYyAjWRvKq6MqjiWI8FtVRue LYjltHqAkdu1FzUSsnbqvh1lsQ2c4SFbBGZ1R+98YxSSMqNOFYqSFyEu1n WGpGOF2UvFTRBJMZntChoQJHVPnZ8uYFvDDKGIaxNCU0XKrfJzIcKTWPAt MZYT1Vv71c/Msbpjps+RkTSaqpIKtFYcqhjmEeABwzSYnmc0MwkczcCskU S0y0ialkQvj6FP5PejUbOTa6rVXacB1HEZyBc3AJEGiCNrgBHdAFBCTgAT yBZyu1Hq0X63XVWrDWM6fgB6y3T0ipkRc=</latexit><latexit sha1_base64="P6OZePHc Xggwd2fBfpl4zYEho9o=">AAAB83icdVDLSsNAFJ3UV62vqks3g63gxpBp G9plwY3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20FFT1w4XDOvd x7T5BwprTjfFiFjc2t7Z3ibmlv/+DwqHx80lNxKgntkpjHchBgRTkTtKuZ 5nSQSIqjgNN+MLvO/f49lYrF4k7PE+pHeCJYyAjWRvKq6MqjiWI8FtVRue LYjltHqAkdu1FzUSsnbqvh1lsQ2c4SFbBGZ1R+98YxSSMqNOFYqSFyEu1n WGpGOF2UvFTRBJMZntChoQJHVPnZ8uYFvDDKGIaxNCU0XKrfJzIcKTWPAt MZYT1Vv71c/Msbpjps+RkTSaqpIKtFYcqhjmEeABwzSYnmc0MwkczcCskU S0y0ialkQvj6FP5PejUbOTa6rVXacB1HEZyBc3AJEGiCNrgBHdAFBCTgAT yBZyu1Hq0X63XVWrDWM6fgB6y3T0ipkRc=</latexit><latexit sha1_base64="P6OZePHc Xggwd2fBfpl4zYEho9o=">AAAB83icdVDLSsNAFJ3UV62vqks3g63gxpBp G9plwY3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20FFT1w4XDOvd x7T5BwprTjfFiFjc2t7Z3ibmlv/+DwqHx80lNxKgntkpjHchBgRTkTtKuZ 5nSQSIqjgNN+MLvO/f49lYrF4k7PE+pHeCJYyAjWRvKq6MqjiWI8FtVRue LYjltHqAkdu1FzUSsnbqvh1lsQ2c4SFbBGZ1R+98YxSSMqNOFYqSFyEu1n WGpGOF2UvFTRBJMZntChoQJHVPnZ8uYFvDDKGIaxNCU0XKrfJzIcKTWPAt MZYT1Vv71c/Msbpjps+RkTSaqpIKtFYcqhjmEeABwzSYnmc0MwkczcCskU S0y0ialkQvj6FP5PejUbOTa6rVXacB1HEZyBc3AJEGiCNrgBHdAFBCTgAT yBZyu1Hq0X63XVWrDWM6fgB6y3T0ipkRc=</latexit><latexit sha1_base64="P6OZePHc Xggwd2fBfpl4zYEho9o=">AAAB83icdVDLSsNAFJ3UV62vqks3g63gxpBp G9plwY3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20FFT1w4XDOvd x7T5BwprTjfFiFjc2t7Z3ibmlv/+DwqHx80lNxKgntkpjHchBgRTkTtKuZ 5nSQSIqjgNN+MLvO/f49lYrF4k7PE+pHeCJYyAjWRvKq6MqjiWI8FtVRue LYjltHqAkdu1FzUSsnbqvh1lsQ2c4SFbBGZ1R+98YxSSMqNOFYqSFyEu1n WGpGOF2UvFTRBJMZntChoQJHVPnZ8uYFvDDKGIaxNCU0XKrfJzIcKTWPAt MZYT1Vv71c/Msbpjps+RkTSaqpIKtFYcqhjmEeABwzSYnmc0MwkczcCskU S0y0ialkQvj6FP5PejUbOTa6rVXacB1HEZyBc3AJEGiCNrgBHdAFBCTgAT yBZyu1Hq0X63XVWrDWM6fgB6y3T0ipkRc=</latexit><latexit sha1_base64="P6OZePHc Xggwd2fBfpl4zYEho9o=">AAAB83icdVDLSsNAFJ3UV62vqks3g63gxpBp G9plwY3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20FFT1w4XDOvd x7T5BwprTjfFiFjc2t7Z3ibmlv/+DwqHx80lNxKgntkpjHchBgRTkTtKuZ 5nSQSIqjgNN+MLvO/f49lYrF4k7PE+pHeCJYyAjWRvKq6MqjiWI8FtVRue LYjltHqAkdu1FzUSsnbqvh1lsQ2c4SFbBGZ1R+98YxSSMqNOFYqSFyEu1n WGpGOF2UvFTRBJMZntChoQJHVPnZ8uYFvDDKGIaxNCU0XKrfJzIcKTWPAt MZYT1Vv71c/Msbpjps+RkTSaqpIKtFYcqhjmEeABwzSYnmc0MwkczcCskU S0y0ialkQvj6FP5PejUbOTa6rVXacB1HEZyBc3AJEGiCNrgBHdAFBCTgAT yBZyu1Hq0X63XVWrDWM6fgB6y3T0ipkRc=</latexit><latexit sha1_base64="P6OZePHc Xggwd2fBfpl4zYEho9o=">AAAB83icdVDLSsNAFJ3UV62vqks3g63gxpBp G9plwY3LCvYBTSiT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20FFT1w4XDOvd x7T5BwprTjfFiFjc2t7Z3ibmlv/+DwqHx80lNxKgntkpjHchBgRTkTtKuZ 5nSQSIqjgNN+MLvO/f49lYrF4k7PE+pHeCJYyAjWRvKq6MqjiWI8FtVRue LYjltHqAkdu1FzUSsnbqvh1lsQ2c4SFbBGZ1R+98YxSSMqNOFYqSFyEu1n WGpGOF2UvFTRBJMZntChoQJHVPnZ8uYFvDDKGIaxNCU0XKrfJzIcKTWPAt MZYT1Vv71c/Msbpjps+RkTSaqpIKtFYcqhjmEeABwzSYnmc0MwkczcCskU S0y0ialkQvj6FP5PejUbOTa6rVXacB1HEZyBc3AJEGiCNrgBHdAFBCTgAT yBZyu1Hq0X63XVWrDWM6fgB6y3T0ipkRc=</latexit>
Q⇤
<latexit sha1_base64="aazdnjDc 0B1G33uDNZA3S9zcl18=">AAAB+3icdVDLSsNAFJ34rPUV69LNYCuIi5AU oXZXcOOyBfuANpbJZNIOnWTCzEQsIb/ixoUibv0Rd/6NkzZCFT0wzOGce7 mH48WMSmXbn8ba+sbm1nZpp7y7t39waB5VepInApMu5oyLgYckYTQiXUUV I4NYEBR6jPS92XXu9++JkJRHt2oeEzdEk4gGFCOlpbFZqY08znw5D/WXdr K7i9rYrDqWvQC0raZG47IgTQd+W1VQoD02P0Y+x0lIIoUZknLo2LFyUyQU xYxk5VEiSYzwDE3IUNMIhUS66SJ7Bs+04sOAC/0iBRfq6kaKQpmn05MhUl P528vFv7xhooIrN6VRnCgS4eWhIGFQcZgXAX0qCFZsrgnCguqsEE+RQFjp usqrJfxPenXLsS2nU6+2YFFHCZyAU3AOHNAALXAD2qALMHgAj+AZvBiZ8W S8Gm/L0TWj2DkGP2C8fwHwH5RF</latexit><latexit sha1_base64="aazdnjDc 0B1G33uDNZA3S9zcl18=">AAAB+3icdVDLSsNAFJ34rPUV69LNYCuIi5AU oXZXcOOyBfuANpbJZNIOnWTCzEQsIb/ixoUibv0Rd/6NkzZCFT0wzOGce7 mH48WMSmXbn8ba+sbm1nZpp7y7t39waB5VepInApMu5oyLgYckYTQiXUUV I4NYEBR6jPS92XXu9++JkJRHt2oeEzdEk4gGFCOlpbFZqY08znw5D/WXdr K7i9rYrDqWvQC0raZG47IgTQd+W1VQoD02P0Y+x0lIIoUZknLo2LFyUyQU xYxk5VEiSYzwDE3IUNMIhUS66SJ7Bs+04sOAC/0iBRfq6kaKQpmn05MhUl P528vFv7xhooIrN6VRnCgS4eWhIGFQcZgXAX0qCFZsrgnCguqsEE+RQFjp usqrJfxPenXLsS2nU6+2YFFHCZyAU3AOHNAALXAD2qALMHgAj+AZvBiZ8W S8Gm/L0TWj2DkGP2C8fwHwH5RF</latexit><latexit sha1_base64="aazdnjDc 0B1G33uDNZA3S9zcl18=">AAAB+3icdVDLSsNAFJ34rPUV69LNYCuIi5AU oXZXcOOyBfuANpbJZNIOnWTCzEQsIb/ixoUibv0Rd/6NkzZCFT0wzOGce7 mH48WMSmXbn8ba+sbm1nZpp7y7t39waB5VepInApMu5oyLgYckYTQiXUUV I4NYEBR6jPS92XXu9++JkJRHt2oeEzdEk4gGFCOlpbFZqY08znw5D/WXdr K7i9rYrDqWvQC0raZG47IgTQd+W1VQoD02P0Y+x0lIIoUZknLo2LFyUyQU xYxk5VEiSYzwDE3IUNMIhUS66SJ7Bs+04sOAC/0iBRfq6kaKQpmn05MhUl P528vFv7xhooIrN6VRnCgS4eWhIGFQcZgXAX0qCFZsrgnCguqsEE+RQFjp usqrJfxPenXLsS2nU6+2YFFHCZyAU3AOHNAALXAD2qALMHgAj+AZvBiZ8W S8Gm/L0TWj2DkGP2C8fwHwH5RF</latexit><latexit sha1_base64="aazdnjDc 0B1G33uDNZA3S9zcl18=">AAAB+3icdVDLSsNAFJ34rPUV69LNYCuIi5AU oXZXcOOyBfuANpbJZNIOnWTCzEQsIb/ixoUibv0Rd/6NkzZCFT0wzOGce7 mH48WMSmXbn8ba+sbm1nZpp7y7t39waB5VepInApMu5oyLgYckYTQiXUUV I4NYEBR6jPS92XXu9++JkJRHt2oeEzdEk4gGFCOlpbFZqY08znw5D/WXdr K7i9rYrDqWvQC0raZG47IgTQd+W1VQoD02P0Y+x0lIIoUZknLo2LFyUyQU xYxk5VEiSYzwDE3IUNMIhUS66SJ7Bs+04sOAC/0iBRfq6kaKQpmn05MhUl P528vFv7xhooIrN6VRnCgS4eWhIGFQcZgXAX0qCFZsrgnCguqsEE+RQFjp usqrJfxPenXLsS2nU6+2YFFHCZyAU3AOHNAALXAD2qALMHgAj+AZvBiZ8W S8Gm/L0TWj2DkGP2C8fwHwH5RF</latexit><latexit sha1_base64="aazdnjDc 0B1G33uDNZA3S9zcl18=">AAAB+3icdVDLSsNAFJ34rPUV69LNYCuIi5AU oXZXcOOyBfuANpbJZNIOnWTCzEQsIb/ixoUibv0Rd/6NkzZCFT0wzOGce7 mH48WMSmXbn8ba+sbm1nZpp7y7t39waB5VepInApMu5oyLgYckYTQiXUUV I4NYEBR6jPS92XXu9++JkJRHt2oeEzdEk4gGFCOlpbFZqY08znw5D/WXdr K7i9rYrDqWvQC0raZG47IgTQd+W1VQoD02P0Y+x0lIIoUZknLo2LFyUyQU xYxk5VEiSYzwDE3IUNMIhUS66SJ7Bs+04sOAC/0iBRfq6kaKQpmn05MhUl P528vFv7xhooIrN6VRnCgS4eWhIGFQcZgXAX0qCFZsrgnCguqsEE+RQFjp usqrJfxPenXLsS2nU6+2YFFHCZyAU3AOHNAALXAD2qALMHgAj+AZvBiZ8W S8Gm/L0TWj2DkGP2C8fwHwH5RF</latexit><latexit sha1_base64="aazdnjDc 0B1G33uDNZA3S9zcl18=">AAAB+3icdVDLSsNAFJ34rPUV69LNYCuIi5AU oXZXcOOyBfuANpbJZNIOnWTCzEQsIb/ixoUibv0Rd/6NkzZCFT0wzOGce7 mH48WMSmXbn8ba+sbm1nZpp7y7t39waB5VepInApMu5oyLgYckYTQiXUUV I4NYEBR6jPS92XXu9++JkJRHt2oeEzdEk4gGFCOlpbFZqY08znw5D/WXdr K7i9rYrDqWvQC0raZG47IgTQd+W1VQoD02P0Y+x0lIIoUZknLo2LFyUyQU xYxk5VEiSYzwDE3IUNMIhUS66SJ7Bs+04sOAC/0iBRfq6kaKQpmn05MhUl P528vFv7xhooIrN6VRnCgS4eWhIGFQcZgXAX0qCFZsrgnCguqsEE+RQFjp usqrJfxPenXLsS2nU6+2YFFHCZyAU3AOHNAALXAD2qALMHgAj+AZvBiZ8W S8Gm/L0TWj2DkGP2C8fwHwH5RF</latexit><latexit sha1_base64="aazdnjDc 0B1G33uDNZA3S9zcl18=">AAAB+3icdVDLSsNAFJ34rPUV69LNYCuIi5AU oXZXcOOyBfuANpbJZNIOnWTCzEQsIb/ixoUibv0Rd/6NkzZCFT0wzOGce7 mH48WMSmXbn8ba+sbm1nZpp7y7t39waB5VepInApMu5oyLgYckYTQiXUUV I4NYEBR6jPS92XXu9++JkJRHt2oeEzdEk4gGFCOlpbFZqY08znw5D/WXdr K7i9rYrDqWvQC0raZG47IgTQd+W1VQoD02P0Y+x0lIIoUZknLo2LFyUyQU xYxk5VEiSYzwDE3IUNMIhUS66SJ7Bs+04sOAC/0iBRfq6kaKQpmn05MhUl P528vFv7xhooIrN6VRnCgS4eWhIGFQcZgXAX0qCFZsrgnCguqsEE+RQFjp usqrJfxPenXLsS2nU6+2YFFHCZyAU3AOHNAALXAD2qALMHgAj+AZvBiZ8W S8Gm/L0TWj2DkGP2C8fwHwH5RF</latexit><latexit sha1_base64="aazdnjDc 0B1G33uDNZA3S9zcl18=">AAAB+3icdVDLSsNAFJ34rPUV69LNYCuIi5AU oXZXcOOyBfuANpbJZNIOnWTCzEQsIb/ixoUibv0Rd/6NkzZCFT0wzOGce7 mH48WMSmXbn8ba+sbm1nZpp7y7t39waB5VepInApMu5oyLgYckYTQiXUUV I4NYEBR6jPS92XXu9++JkJRHt2oeEzdEk4gGFCOlpbFZqY08znw5D/WXdr K7i9rYrDqWvQC0raZG47IgTQd+W1VQoD02P0Y+x0lIIoUZknLo2LFyUyQU xYxk5VEiSYzwDE3IUNMIhUS66SJ7Bs+04sOAC/0iBRfq6kaKQpmn05MhUl P528vFv7xhooIrN6VRnCgS4eWhIGFQcZgXAX0qCFZsrgnCguqsEE+RQFjp usqrJfxPenXLsS2nU6+2YFFHCZyAU3AOHNAALXAD2qALMHgAj+AZvBiZ8W S8Gm/L0TWj2DkGP2C8fwHwH5RF</latexit>
a⇤p = argmax
a2A
Q⇤(sp, a)
<latexit sha1_base64="VbbV46Tl ozmmvXaDTnV/p5OsvDs=">AAACIXicdVBNSwMxEM36bf2qevQSrEIVKbtF UA+C4sVjC9YWuu0ym6Y1NMkuSVYsy/4VL/4VLx4U8Sb+GdNaoYo+GObx3g yZvDDmTBvXfXempmdm5+YXFnNLyyura/n1jWsdJYrQGol4pBohaMqZpDXD DKeNWFEQIaf1sH8x9Ou3VGkWySsziGlLQE+yLiNgrBTkj3egvR/Epz6oni /gzudMMKODFHwm/TDiHT0QtqXnWVZt7xd1O42zA9jbCfIFr+SOgN3SicXR 4ZicePjbKqAxKkH+ze9EJBFUGsJB66bnxqaVgjKMcJrl/ETTGEgferRpqQ RBdSsd/TDDu1bp4G6kbEmDR+rkRgpCDw+1kwLMjf7tDcW/vGZiusetlMk4 MVSSr4e6CccmwsO4cIcpSgwfWAJEMXsrJjeggBgbam4yhP/JdbnkuSWvWi 6c4XEcC2gLbaMi8tAROkOXqIJqiKB79Iie0Yvz4Dw5r87b1+iUM97ZRD/g fHwCTx6kHw==</latexit><latexit sha1_base64="VbbV46Tl ozmmvXaDTnV/p5OsvDs=">AAACIXicdVBNSwMxEM36bf2qevQSrEIVKbtF UA+C4sVjC9YWuu0ym6Y1NMkuSVYsy/4VL/4VLx4U8Sb+GdNaoYo+GObx3g yZvDDmTBvXfXempmdm5+YXFnNLyyura/n1jWsdJYrQGol4pBohaMqZpDXD DKeNWFEQIaf1sH8x9Ou3VGkWySsziGlLQE+yLiNgrBTkj3egvR/Epz6oni /gzudMMKODFHwm/TDiHT0QtqXnWVZt7xd1O42zA9jbCfIFr+SOgN3SicXR 4ZicePjbKqAxKkH+ze9EJBFUGsJB66bnxqaVgjKMcJrl/ETTGEgferRpqQ RBdSsd/TDDu1bp4G6kbEmDR+rkRgpCDw+1kwLMjf7tDcW/vGZiusetlMk4 MVSSr4e6CccmwsO4cIcpSgwfWAJEMXsrJjeggBgbam4yhP/JdbnkuSWvWi 6c4XEcC2gLbaMi8tAROkOXqIJqiKB79Iie0Yvz4Dw5r87b1+iUM97ZRD/g fHwCTx6kHw==</latexit><latexit sha1_base64="VbbV46Tl ozmmvXaDTnV/p5OsvDs=">AAACIXicdVBNSwMxEM36bf2qevQSrEIVKbtF UA+C4sVjC9YWuu0ym6Y1NMkuSVYsy/4VL/4VLx4U8Sb+GdNaoYo+GObx3g yZvDDmTBvXfXempmdm5+YXFnNLyyura/n1jWsdJYrQGol4pBohaMqZpDXD DKeNWFEQIaf1sH8x9Ou3VGkWySsziGlLQE+yLiNgrBTkj3egvR/Epz6oni /gzudMMKODFHwm/TDiHT0QtqXnWVZt7xd1O42zA9jbCfIFr+SOgN3SicXR 4ZicePjbKqAxKkH+ze9EJBFUGsJB66bnxqaVgjKMcJrl/ETTGEgferRpqQ RBdSsd/TDDu1bp4G6kbEmDR+rkRgpCDw+1kwLMjf7tDcW/vGZiusetlMk4 MVSSr4e6CccmwsO4cIcpSgwfWAJEMXsrJjeggBgbam4yhP/JdbnkuSWvWi 6c4XEcC2gLbaMi8tAROkOXqIJqiKB79Iie0Yvz4Dw5r87b1+iUM97ZRD/g fHwCTx6kHw==</latexit><latexit sha1_base64="VbbV46Tl ozmmvXaDTnV/p5OsvDs=">AAACIXicdVBNSwMxEM36bf2qevQSrEIVKbtF UA+C4sVjC9YWuu0ym6Y1NMkuSVYsy/4VL/4VLx4U8Sb+GdNaoYo+GObx3g yZvDDmTBvXfXempmdm5+YXFnNLyyura/n1jWsdJYrQGol4pBohaMqZpDXD DKeNWFEQIaf1sH8x9Ou3VGkWySsziGlLQE+yLiNgrBTkj3egvR/Epz6oni /gzudMMKODFHwm/TDiHT0QtqXnWVZt7xd1O42zA9jbCfIFr+SOgN3SicXR 4ZicePjbKqAxKkH+ze9EJBFUGsJB66bnxqaVgjKMcJrl/ETTGEgferRpqQ RBdSsd/TDDu1bp4G6kbEmDR+rkRgpCDw+1kwLMjf7tDcW/vGZiusetlMk4 MVSSr4e6CccmwsO4cIcpSgwfWAJEMXsrJjeggBgbam4yhP/JdbnkuSWvWi 6c4XEcC2gLbaMi8tAROkOXqIJqiKB79Iie0Yvz4Dw5r87b1+iUM97ZRD/g fHwCTx6kHw==</latexit><latexit sha1_base64="VbbV46Tl ozmmvXaDTnV/p5OsvDs=">AAACIXicdVBNSwMxEM36bf2qevQSrEIVKbtF UA+C4sVjC9YWuu0ym6Y1NMkuSVYsy/4VL/4VLx4U8Sb+GdNaoYo+GObx3g yZvDDmTBvXfXempmdm5+YXFnNLyyura/n1jWsdJYrQGol4pBohaMqZpDXD DKeNWFEQIaf1sH8x9Ou3VGkWySsziGlLQE+yLiNgrBTkj3egvR/Epz6oni /gzudMMKODFHwm/TDiHT0QtqXnWVZt7xd1O42zA9jbCfIFr+SOgN3SicXR 4ZicePjbKqAxKkH+ze9EJBFUGsJB66bnxqaVgjKMcJrl/ETTGEgferRpqQ RBdSsd/TDDu1bp4G6kbEmDR+rkRgpCDw+1kwLMjf7tDcW/vGZiusetlMk4 MVSSr4e6CccmwsO4cIcpSgwfWAJEMXsrJjeggBgbam4yhP/JdbnkuSWvWi 6c4XEcC2gLbaMi8tAROkOXqIJqiKB79Iie0Yvz4Dw5r87b1+iUM97ZRD/g fHwCTx6kHw==</latexit><latexit sha1_base64="VbbV46Tl ozmmvXaDTnV/p5OsvDs=">AAACIXicdVBNSwMxEM36bf2qevQSrEIVKbtF UA+C4sVjC9YWuu0ym6Y1NMkuSVYsy/4VL/4VLx4U8Sb+GdNaoYo+GObx3g yZvDDmTBvXfXempmdm5+YXFnNLyyura/n1jWsdJYrQGol4pBohaMqZpDXD DKeNWFEQIaf1sH8x9Ou3VGkWySsziGlLQE+yLiNgrBTkj3egvR/Epz6oni /gzudMMKODFHwm/TDiHT0QtqXnWVZt7xd1O42zA9jbCfIFr+SOgN3SicXR 4ZicePjbKqAxKkH+ze9EJBFUGsJB66bnxqaVgjKMcJrl/ETTGEgferRpqQ RBdSsd/TDDu1bp4G6kbEmDR+rkRgpCDw+1kwLMjf7tDcW/vGZiusetlMk4 MVSSr4e6CccmwsO4cIcpSgwfWAJEMXsrJjeggBgbam4yhP/JdbnkuSWvWi 6c4XEcC2gLbaMi8tAROkOXqIJqiKB79Iie0Yvz4Dw5r87b1+iUM97ZRD/g fHwCTx6kHw==</latexit><latexit sha1_base64="VbbV46Tl ozmmvXaDTnV/p5OsvDs=">AAACIXicdVBNSwMxEM36bf2qevQSrEIVKbtF UA+C4sVjC9YWuu0ym6Y1NMkuSVYsy/4VL/4VLx4U8Sb+GdNaoYo+GObx3g yZvDDmTBvXfXempmdm5+YXFnNLyyura/n1jWsdJYrQGol4pBohaMqZpDXD DKeNWFEQIaf1sH8x9Ou3VGkWySsziGlLQE+yLiNgrBTkj3egvR/Epz6oni /gzudMMKODFHwm/TDiHT0QtqXnWVZt7xd1O42zA9jbCfIFr+SOgN3SicXR 4ZicePjbKqAxKkH+ze9EJBFUGsJB66bnxqaVgjKMcJrl/ETTGEgferRpqQ RBdSsd/TDDu1bp4G6kbEmDR+rkRgpCDw+1kwLMjf7tDcW/vGZiusetlMk4 MVSSr4e6CccmwsO4cIcpSgwfWAJEMXsrJjeggBgbam4yhP/JdbnkuSWvWi 6c4XEcC2gLbaMi8tAROkOXqIJqiKB79Iie0Yvz4Dw5r87b1+iUM97ZRD/g fHwCTx6kHw==</latexit><latexit sha1_base64="VbbV46Tl ozmmvXaDTnV/p5OsvDs=">AAACIXicdVBNSwMxEM36bf2qevQSrEIVKbtF UA+C4sVjC9YWuu0ym6Y1NMkuSVYsy/4VL/4VLx4U8Sb+GdNaoYo+GObx3g yZvDDmTBvXfXempmdm5+YXFnNLyyura/n1jWsdJYrQGol4pBohaMqZpDXD DKeNWFEQIaf1sH8x9Ou3VGkWySsziGlLQE+yLiNgrBTkj3egvR/Epz6oni /gzudMMKODFHwm/TDiHT0QtqXnWVZt7xd1O42zA9jbCfIFr+SOgN3SicXR 4ZicePjbKqAxKkH+ze9EJBFUGsJB66bnxqaVgjKMcJrl/ETTGEgferRpqQ RBdSsd/TDDu1bp4G6kbEmDR+rkRgpCDw+1kwLMjf7tDcW/vGZiusetlMk4 MVSSr4e6CccmwsO4cIcpSgwfWAJEMXsrJjeggBgbam4yhP/JdbnkuSWvWi 6c4XEcC2gLbaMi8tAROkOXqIJqiKB79Iie0Yvz4Dw5r87b1+iUM97ZRD/g fHwCTx6kHw==</latexit>
Moving Window
NO
T
R
⇥N
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Figure 1. The framework of the developed STLF method with Q-learning based Dynamic Model Selection (DMS) (MQ).
model is selected at each time step in the forecasting stage.
The model pool consists of ten models with four machine
learning algorithms diversified by different training algorithms,
kernel functions, or distributions functions as shown in the
bottom left box of Fig. 1. Specifically, three ANN models
with standard back-propagation (BP), momentum-enhanced
BP, and resilient BP training algorithms are selected based
on their fast convergence and satisfactory performance. The
most popular kernels in SVR are used, which are linear,
polynomial, and radial base function kernels. GBM models
with squared, Laplace, and T-distribution loss functions are
empirically selected. The last model is an RF model. The
details of the models are summarized in Table I. These models
are trained based on a training dataset, and hyperparameters
are tuned using a validation dataset (a list of hyperparameters
could be found in Ref. [10]).
Table I
MACHINE LEARNING BASED FORECASTING MODEL POOL
Algorithm Model Training algorithm or function
ANN
M1 Standard back-propagation
M2 Momentum-enhanced back-propagation
M3 Resilient back-propagation
SVM
M4 Radial basis function kernel
M5 Linear kernel
M6 Polynomial kernel
GBM
M7 Squared loss
M8 Laplace loss
M9 T-distribution loss
RF M10 CART aggregation
B. Q-learning based Dynamic Model Selection (DMS)
Once forecasts are independently generated by forecasting
models in the model pool, the best model is selected by a
reinforcement learning agent at each forecasting time step.
Reinforcement learning is a typical machine learning algo-
rithm that models an agent interacting with its environment.
In this paper, Q-learning, a model-free adaptive dynamic
programming algorithm, is adopted to learn the optimal policy
of finding the best forecasting model at every forecasting time
step.
In order to train the Q-learning agent, a mathematical frame-
work of DMS is first defined in a Markov Decision Process
(MDP). In general, a Q-learning agent takes sequential actions
at a series states based on a state-action value matrix Q-table
until reaching an ultimate goal [11]. The actions are evaluated
by a scalar reward feedback returned from the environment,
which is used to update the Q-table. In this research, the state
space, S, is composed of the possible forecasting models at
the current time:
S = {s} = {s1, s2, ..., sI} (1)
where si means the current forecasting model is Mi. I is the
number of candidate models. Similarly, the action space, A,
is composed of the potential forecasting models selected for
the next time step:
A = {a} = {a1, a2, ..., aI} (2)
where aj means taking the action of switching from the current
forecasting model to Mj at the next forecasting time step.
To successfully solve a MDP using Q-learning, the most
important step is to maintain a reward matrix, R, by a
proper reward function, R(s, a). Three reward strategies are
considered in this paper, which are based on forecasting
error of the next-state model, forecasting error reduction of
the next-state model over the current-state model, and the
performance ranking improvement of the next-state model over
the current-state model (the ranking of the best model is 1).
The corresponding reward functions of the three strategies are:
Rt(si, aj) =
|yˆ(t+1)j − y(t+1)|
y(t+1)
(3a)
Rt(si, aj) =
|yˆ(t+1)j − y(t+1)|
y(t+1)
− |yˆ
t
i − yt|
yt
(3b)
Rt(si, aj) = ranking(Mi)− ranking(Mj) (3c)
where yˆtj is the forecast generated by Mj at time t and y
t is
actual value at time t. It is found from Eq. 3a that the reward
function is not related to the current-state if it is only based
on the forecasting error of the next-state model (not a MDP),
therefore it should be excluded. The second strategy in Eq. 3b
is able to take the current state into account in the reward
function, but the Q-learning algorithm is hard to converge,
as shown in the upper part of Fig. 2. This is because that
the magnitude of forecasting errors do not only depends on
forecasting models but is also changing with time. Taking the
action of switching from a worse model to the best model
might still receive a negative reward (due to forecasting error
reduction). Therefore, in this paper, we design the reward
function as the model performance ranking improvement,
which ensures the effective and efficient convergence of Q-
learning, as shown in the lower part of Fig. 2.
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Figure 2. Learning curves of two Q-learning training processes with different
reward functions. The reward in the vertical axis is defined as the summation
of Q-table.
With state, action, and reward defined, the DMS is realized
by training Q-learning agents using the Q-learning training
datasets TR×N , which are applied to the DMS process
datasets DP×N . The critical component of determining (steps
1-8 in Algorithm 1) and applying (steps 9-11 in Algorithm 1)
the DMS policy is the Q-table, Q, which contains triplets of
s, a, and Q(s, a). As shown in Algorithm 1, Q values are
initialized to be zero and updated repeatedly by Eq. 4 based
on the action reward in the current state and the maximum
reward in the next state, where α is the learning rate that
controls the aggressiveness of learning, γ is a discount factor
that weights the future reward. The balance of exploitation
and exploration in Q-learning is maintained by adopting a de-
caying t-greedy method [12]. The Q-learning agent with the
decaying t-greedy method takes completely random actions at
the beginning, while reduces the randomness with a decaying
 during the learning process. The Q-learning algorithm will
eventually converge to the optimal policy,Q∗, which is applied
to find the optimal actions, a∗, in the DMS process.
Algorithm 1 Q-learning based Dynamic Model Selection
(DMS)
Require:
Number of steps, P , in a DMS procedure
Model pool dimension N , number of models pre-selected
for DMS I
Q-learning training dataset TR×N
DMS process dataset DP×N
Learning rate α, discount factor γ, number of episodes E
Ensure: Select the best model from N models at each step
in D
1: Initialize Q =
−→
0 I×I ,  = 1
2: Choose the best I models based on T
3: for e = 1 to E do
4: With the probability of  select a random action ae,
otherwise select ae = argmax
a∈A
Qe(se, a)
5: Calculate R by Eq. 3c
6: Update Q by
Q(e+1)(se, ae) = (1− α)Qe(se, ae)+
α[Re(se, ae) + γmax
a∈A
Qe(s(e+1), a)]
(4)
7: ← − 1n
8: end for
9: for p = 1 to P do
10: Take action a∗p = argmax
a∈A
Q∗(sp, a)
11: end for
C. The STLF with Q-learning based DMS
As shown in Fig. 1, the training data is used for building N
machine learning based forecasting models, and the validation
data is used to tune forecasting model hyperparameters and Q-
learning parameters (α, γ, E, R, P , and I). The effectiveness
of the developed STLF with Q-learning based DMS frame-
work (MQ) is verified by the testing data. At the forecasting
stage (testing stage), a moving window is adopted to update
the Q-learning agent and pre-select the best I models based
on the recent historical data (Q-learning training dataset T
in Algorithm 1). The Q-learning agent is then used to make
DMS for the next P steps. The moving window moves P
steps forward and repeats the procedure in Algorithm 1 until
the previous DMS process is finished.
III. CASE STUDIES
A. Data Description and Q-learning Parameter Setting
In this paper, hourly campus load data of The University
of Texas at Dallas (UTD) and hourly weather data retrieved
from the National Solar Radiation Database1 is used for 1-
hour-ahead load forecasting. The UTD load includes consump-
tions of 13 buildings with diverse patterns. The weather data
includes meteorological variables such as temperature (T),
humidity (H), global horizontal irradiance (GHI), and wind
speed (WS). Temporal statistics of the load and four key
1https://nsrdb.nrel.gov
weather variables are shown in Fig. 3. It is found that the
load and weather data is impacted by calendar effects [13],
[14]. For example, the load is higher and more chaotic from 8
am to 5 pm, which is possibly due to the working hours of the
university. The minimum load in June and December is smaller
than that in other months due to the holidays. Therefore,
calendar units are also included in the dataset, which are hour
of the day, day of the week, and month of the year.
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Figure 3. Temporal statistics of UTD load and four key weather variables.
Lines in the boxes are the medians. The interquartile range box represents
the middle 50% of the data. The upper and lower bounds are maximum and
minimum values of the data, respectively, excluding outliers.
Both load and weather data spans from January 1st 2014
to December 31st 2015. The data ranging from January 1st
2014 to October 31st 2014 is used to train models in the
forecasting model pool, while the data from November 1st
2014 to December 31 st 2014 is used to tune forecasting
model hyperparameters. The Q-learning parameters are also
determined based on the validation data. Specifically, α = 0.1
and γ = 0.8, which ensures the learning speed and also
respects the future reward. The moving window parameters
in Q-learning are set as: I = 4, P = 4, R = 72, which
require fewer episodes (E = 100) to ensure convergence. The
data in 2015 is used for testing.
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Figure 4. Learning curve statistics of 2,190 Q-learning agents. The meanings
of the boxplot features are same to those in Fig. 3.
The effectiveness of the Q-learning DMS is evaluated based
on the testing dataset with 365 days in 2015. Based on the
moving window parameters, a Q-learning agent is trained
every four time steps to make DMS. Therefore, there are
totally 2,190 Q-learning agents built to select proper fore-
casting models for the 8,760 time steps in 2015. Figure 4
shows the statistics of Q-learning agent learning curves, which
indicates the fast and successful convergence of Q-learning
agents. Specifically, Q-learning agents learn extremely fast
from interactions with the environment in the first 30 episodes.
After the first 30 episodes, even though the exploration prob-
ability is still high ( = 0.7 when e = 30), Q-learning agents
learn slowly and tend to converge. Thus, Q-learning agents
converge effectively and efficiently in the selected case study.
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Figure 5. Violin plot of forecasting model rankings. The changing width of
a violin indicates the distribution of rankings of a forecasting model, while
the boxplot inside a violin shows similar information as Fig. 3.
To verify the effectiveness of the Q-learning DMS, the
rankings of each model at every time step of one year are
counted and statistically shown as a violin plot in Fig. 5. It
is observed from the figure that forecasting models perform
distinctively at different time steps, where every model could
become the best or the worst at a certain time step. Each model
also shows unique characteristics. For example, the three ANN
models (M1, M2, M3) rank 8th, 9th, 10th (the worst three) and
1st, 2nd (the best two) more times than other rankings. An SVR
model (M6) almost has the same chance for each ranking. It’s
important to note that no single model (M1-M10) dominates
others in the STLF. The effectiveness of the Q-learning DMS
is evident by comparing the violin of MQ with violins of other
models. It is found that Q-learning agents select a best four
models with a 75% chance and they tend to select a better
model, since MQ model has an upward violin.
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Figure 6. Forecasting and actual time series of one day; values above fore-
casting points are rankings of the selected models; symbols below forecasting
points are names of the selected models; the annotation font color and the
line color of the same model are identical.
Figure 6 shows the actual and forecasting time series of
one day. Specifically, the thin lines represent 10 forecasting
models in the model pool, the thick blue line represents the
MQ, and the thick black line represents the actual load time
series. In general, most selected models rank 1st except for
the models at 0 am and 7 am. However, the Q-learning agent
intends to select the 4th model at 0 am since it will receive a
large reward (R(s4, a5) = 3) by switching from M4 (ranking
4th) at 0 am to M5 (ranking 1st) at 1 am. It is also logic for
the Q-learning agent to select M9 at 7 am because it values
the future reward of this selection.
C. Overall Forecasting Accuracy
To evaluate the forecasting accuracy, two error metrics
are employed, which are normalized mean absolute error
(nMAE) and mean absolute percentage error (MAPE) [15].
Two more metrics are used to compare the developed MQ
model with 10 machine learning models listed in Table I,
which are nMAE reduction (ImpA) and MAPE reduc-
tion (ImpP ) [13]. The overall forecasting performance of
the developed MQ model and the 10 forecasting models is
summarized in Table II. The overall forecasting nMAE and
MAPE of the developed MQ model are 3.23% and 5.61%,
respectively, which indicates that the average forecasting error
is extremely small with respect to both the load capacity
and actual load. By comparing the developed MQ model to
the candidate models, it is found that the improvements are
significant and consistent. The average ImpA and ImpP are
49.50% and 47.45%, respectively. Therefore, we can conclude
that the developed STLF with Q-learning DMS is effective and
outperforms the candidate models.
Table II
FORECASTING nMAE [%], MAPE [%], AND IMPROVEMENTS [%] OF
THE DEVELOPED MODEL OVER OTHER MODELS
Forecasting Error Forecasting ImprovementModel
nMAE MAPE ImpA ImpP
M1 6.74 11.53 52.06 51.33
M2 7.41 12.71 56.40 55.88
M3 7.81 13.50 58.65 58.44
M4 7.20 11.58 55.16 51.55
M5 6.58 10.77 50.89 47.92
M6 6.35 10.22 49.16 45.11
M7 5.89 9.97 45.14 43.74
M8 5.47 9.37 40.92 40.11
M9 6.20 10.12 47.88 44.54
M10 5.27 8.74 38.73 35.84
MQ 3.23 5.61 NA NA
Note: Bold values indicate the best candidate models or the most
improvements of the developed model over candidate models, while
bold green values indicate the developed MQ model.
IV. CONCLUSIONS AND FUTURE WORK
This paper developed a novel short-term load forecasting
(STLF) method based on reinforcement learning dynamic
model selection (DMS). First, a forecasting model pool that
consists of 10 state-of-the-art machine learning based fore-
casting models was built and generated forecasts with diverse
performance. Then, Q-learning agents were trained based on
rewards of model ranking improvements. The best forecasting
models were selected from candidate models dynamically by
the optimal DMS policy. Case studies based on two-year load
and weather data showed that:
(1) Q-learning agents learned effectively and efficiently from
the designed MDP environment of DMS.
(2) The developed STLF with Q-learning DMS improved the
forecasting accuracy by approximately 50%, compared to
benchmark machine learning models.
Future work will focus on applying the Q-learning in
predictive distribution selection in probabilistic forecasting and
exploring deep reinforcement learning in model or predictive
distribution selection.
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